INTRODUCTION
Prymnesiophyte flagellates (Prymnesiida = Prymnesiophyceae p.p.) are an important part of the marine nanophytoplankton, playing a major role in the cycling of organic carbon within the microbial food web (Chavez et al. 1990 , Hoepffner & Haas 1990 , Green 1991 , Thomsen et al. 1994 . A number of these plastidcontaining photosynthetic flagellates fall within the concept of 'mixotrophic' flagellates because they are also capable of phagotrophic nutrition, using various nano-and picoplankton organisms as prey. As with all other mixotrophic protists, the study of the feeding behaviour of mixotrophic prymnesiophytes is of the utmost importance to understanding the functional role of marine nanoplankton in relation to the microbial loop (Azam et al. 1983) .
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MATERIALS AND METHODS
Culture strains of the flagellate Prymnesium parvum (Culture Collection of Algae and Protozoa reference CCAP 946/6; 7 to 9 µm long × 4 to 6 µm wide) and the diatoms Minidiscus trioculatus (Provasali-Guillard Center for Culture of Marine Phytoplankton reference CCMP 495; 4 to 8 µm long × 3 to 4 µm wide) and Thalassiosira sp. (CCMP 1067; 2 to 4 µm long × 2 to 4 µm wide) were grown in f/2 medium at 18 to 20°C in an incubator using 2 white fluorescent tubes (THORN, Weiss 3500, 8 W) under a 16 h/8 h (light/dark) photoperiod. P. parvum was prepared for the grazing experiments by centrifuging (2500 × g, 8 min) late log-phase cultures, then washing 3 times in filtered (0.2 µm pore size) natural seawater, NSW (salinity 32 PSU) (see NSW in Cultured Collection of Algae and Protozoa 1995), and re-suspending in NSW (5 ml final volume) in 25 ml Ehrlenmeyer flasks (3 experimental flasks for each diatom species). NSW was used to ensure nutrient-depleted conditions. A period of 3 d was allowed for the cells to adapt to the new medium, and then a suspension of diatoms, harvested by centrifuging (2500 × g, 17 min) and washed several times with NSW, was added to the flasks. Aliquots were taken from the flasks at fixed times, chemically fixed with acidified Lugol's solution (2.5% final concentration) and the flagellate and diatoms enumerated using a Neubauer haemocytometer. Grazing experiments lasted 144 h. Control flasks in NSW were prepared for both diatoms and the flagellate.
As a rule, initial concentrations were adjusted to approximately 1.5 × 10 6 cells ml -1 for both diatoms, and 1.0 × 10 6 cells ml -1 for Prymnesium parvum (prey: predator ratio of 3:2). A growth dynamics experiment on P. parvum in the absence of prey was carried out separately at an initial concentration of 2.0 × 10 6 cells ml (Hobbie et al. 1977 ). Subsequently, a fixed volume of the stock suspension was added to all flasks to give a final bacterial concentration of about 8 × 10 8 bacteria ml -1 . Bacterial concentrations in the experiment flasks were determined by collecting a subsample, fixing with glutaraldehyde (2.5% final concentration), and enumerating by the method of Hobbie et al. (1977) . The bacteria:diatom ratio was adjusted at about 5 × 10 2 :1 in both the Minidiscus and Thalassiosira flasks. Flagellates and diatoms were counted as described above. Control flasks concentration NSW plus bacteria were prepared for each protist experiment, as well as a NSW control containing bacteria only. During the experiment, the flasks were gently shaken a few times daily in order to avoid the formation of diatom aggregates.
Grazing rates were measured as the reduction in prey (diatoms and bacteria) per unit time and predator (flagellate) and corrected based on the variation in the diatom population densities in the control flasks. The rates were derived from the formula g = (pt -po) (ft -fo)
, where g is grazing rate (h -1 ), pt and po are the final and initial prey concentrations (cells ml ) respectively, t is the time interval, and ft and fo are the final and initial flagellate concentrations (cells ml -1 ) respectively. For Prymnesium parvum, an additional experiment to determine its growth dynamics in the absence of prey was carried out by replacing the diatoms or bacteria with a fixed volume of fresh f/2 medium added to the cultures after the 3 d of acclimatisation in NSW. Samples were processed and enumerated as described above.
Live observations of the grazing process were made in 5.5 cm diameter Petri dishes using a Leica DM IRB inverted microscope at 630 magnification, and recorded with a JVC TK-C1381 CCD video camera on a Sony U-Matic SP recorder. Videotape clips were converted to digital format using a Macintosh computer fitted with a Radius VideoVision digitizer. Single digital frames were extracted from the digital film clips using Adobe Premiere.
In order to test the statistical significance of the differences between rates, Wilcoxon-Mann-Whitney and Kruskal-Wallis non-parametric tests were applied. A Student's t-test was also used for comparing the grazing rates of Prymnesium on bacteria after checking for normality of data and equality of variances. All analyses were carried out with Statgraphics Plus 5.1.
RESULTS

Diatom and bacteria grazing experiments
The growth curves and trophodynamics of Prymnesium parvum on the diatoms Minidiscus trioculatus and Thalassiosira sp. are illustrated in Figs (Fig. 3) . When bacteria were added to the flagellate culture flasks, grazing on diatoms was also active, but the interim grazing rates during the first 8h decreased, which may indicate prey-switching (Fig. 3) . However, the Wilcoxon-Mann-Whitney test did not show a statistically significant difference between the whole set of interim grazing rates of M. trioculatus (W = 382.5, p = 0.17) or Thalassiosira sp. (W = 577.0, p = 0.17) in the presence or absence of bacteria. When the interim rates were treated separately, there was a significant difference between the grazing rates on M. trioculatus with and without bacteria (W = 0.0, p = 0.03) during the first 8 h. This indicates that prey-switching (from diatom cells to bacteria) may have occurred during the first 8 h in the flasks containing M. trioculatus. From 24 h onwards for M. trioculatus and 32 h onwards for Thalassiosira sp., the consumption of diatoms was roughly equivalent in the presence and in absence of bacteria (Fig. 3) .
Grazing rates on either diatom species for the duration of the experiment (144 h) were not statistically different (0.017 diatom flagellate -1 h -1 ) (Wilcoxon-MannWhitney test W = 3.0, p = 0.172) in either case. These rates decreased (0.003 diatom flagellate -1 h -1 for Minidiscus trioculatus and 0.002 diatom flagellate -1 h -1 for Thalassiosira sp.) when bacteria were added, but no statistical differences between these values were observed (W = 4.0, p = 0.31). In the case of M. trioculatus there was a statistically significant difference between the grazing rates in the flasks with and without bacteria (W = 16, p = 0.029), but not in the case of Thalassiosira sp. (W = 8.5, p = 0.99).
To quantify the effect of Prymnesium parvum on the bacterial population, the bacterial concentration was also determined in the experimental flasks (Fig. 4) . There was a 31% reduction in the initial bacterial population at the end of the experiment (144 h) for both diatoms (Fig 4a) , while in the control flask for bacteria (Fig. 4b) there was a reduction of 9%. This means that the flagellates were able to consume approximately 22% of the bacterial population in 144 h. Grazing rates on bacteria were 0.17 bacteria flagellate -1 h -1 for both diatoms flasks, and were not statistically different (Student's t-test = 0.008, p = 0.99).
Flagellate growth rates
A strong increase in flagellate populations occurred when bacteria were added to the experimental flasks (Figs. 1b & 2b) . Flagellate growth rates were 0.016 h -1 in Minidiscus trioculatus flasks and 0.015 h -1 in Thalassiosira sp. flasks in the presence of bacteria, with the flagellate considerably increasing its population 56 h after bacterial addition. A growth rate of 0.016 h -1 was also observed in the flagellate control flask with bacteria (flagellate plus bacteria in NSW; Fig. 5 ). These rates were not statistically different (Kruskal-Wallis 1-way ANOVA by ranks: H = 0.85 and p = 0.65) suggesting that the presence of diatoms did not influence the production of flagellate biomass.
Growth dynamics of Prymnesium parvum in the presence of prey was compared to that occurring when only f/2 medium was supplied to the flagellate cultures in NSW (Fig. 6) . The flagellate growth rate (0.006 h -1 ) was significantly lower than that observed Table 1 summarises the experimental conditions used to determine the grazing rates of Prymnesium parvum, its growth rates and its effect on both diatom species and bacteria.
Control experiments
In the case of Minidiscus trioculatus, the NSW control (Fig. 1c) showed that its population increased by 18% from the beginning to the end of the experiment when bacteria were absent, and by 40% when they were present. This indicates that the population decrease of M. trioculatus in the flagellate culture flasks was due entirely to grazing by the flagellate. Control flasks of Thalassiosira sp. in NSW (Fig. 2c) revealed that the initial population was reduced by approximately 40% at the end of the experiment, suggesting that a proportion of the reduction observed in the flagellate culture flasks may have resulted from the inability of the diatom to survive in filtered seawater. In contrast, in the Thalassiosira sp. control flask in NSW plus bacteria, a 40% increase in the initial population was observed, resulting perhaps from the availability of bacterial products promoting diatom growth.
Microscope-monitored experiments
The ingestion of the diatoms occurred very rapidly. Flagellates started to feed on diatom cells about 5 min after these were added to the flagellate cultures. The first reaction of Prymnesium parvum to the presence of diatoms was to move into close contact with them (Fig. 7a) . After another 1 to 2 min, the diatoms were displaced to the posterior end of the flagellate cell, which produced a pseudopodium-like structure that surrounded the diatom cell and then ingested it whole (Fig. 7b,e) . We did not observe any involvement of the flagella or the haptonema in the ingestion process. While feeding, the flagellates reduced their movement and sometimes formed aggregates of varying size with the diatom cells. Cells of P. parvum were observed that contained more than 1 ingested diatom cell (Fig.7f) . 
DISCUSSION
This study provides quantitative laboratory evidence of grazing by Prymnesium parvum on Minidiscus trioculatus and Thalassiosira sp. Most of the work on particle ingestion in prymnesiophytes is related to Chrysochromulina spp. (Conrad 1941 , Parke et al. 1955 , 1956 , Green 1991 , Jones et al. 1993 , 1995 . Conrad (1941) was the first author to suggest the ingestion of small prey, presumably bacteria, by a species of Prymnesium (P. saltans). Nygaard & Tobiesen (1993) estimated the grazing rates of P. parvum on radio-and fluorescently labelled bacteria, and Tillmann (1998) showed that P. patelliferum was able to graze on other prey in addition to bacteria; the fact that diatoms were not ingested was attributed to the external processes and surface properties of silica diatom shells, together with the formation of cell aggregates by the diatoms. Otterstrom & Snielsen (1940) also concluded that diatoms were not grazed by P. parvum. The present study provides the first qualitative and quantitative evidence that P. parvum is able to graze on nanoplanktonic diatoms, confirming the observations on other species of nanoflagellates such as the heterotrophic chrysomonad Spumella sp., which is able to feed on the nanoplanktonic diatom Cyclotella glomerata (Von Steinberg 1980), and Paraphysomonas imperforata, which was seen to feed on the large pennate diatom Phaeodactylum tricornotum .
The grazing pressure exercised by Prymnesium parvum on the diatoms studied here is remarkable. Doddema & Van der Veer (1983) indicated that phagotrophy results in the uptake of particulate organic N and P when inorganic nutrients are limited. Nygaard & Tobiesen (1993) suggested a relationship between lack of orthophosphate and degree of bacterivory in prymnesiophytes. Bacteria are a potential source of iron (as ferrous ion) which is required for growth and physiological processes (Andrews 1998) . Bacteria are also a source of P, which they contain in high concentrations (Bartbak & Thingstad 1985 , Andersen et al. 1986 ). Our results suggest that diatoms may also be a potential source of N, P and possibly even iron; it was recently shown that mixotrophic flagellates do not necessarily require iron to be in dissolved form in order to be able to utilise it (Nodwell & Price 2001) . In the absence of bacteria (considered the prey 'par excellence ' under nutrient limiting conditions) the flagellate feeds on diatoms, which seem to satisfy its immediate nutritional requirements. When bacteria are present, P. parvum continues to ingest diatoms, but also enlarges its prey repertoire to include bacteria. Grazing rates on diatoms are reduced when bacteria are present, suggesting the possibility of prey-switching. However, the observed differences in grazing rates were not statistically significant except during the first 8 h of the Minidiscus trioculatus experiment, suggesting that preyswitching (from diatom cells to bacteria) may have occurred.
When both types of prey (diatoms plus bacteria) are present, bacterial consumption in Prymnesium parvum is not very high compared with that of purely heterotrophic flagellates. Kinner et al. (1998) reported grazing (uptake) rates of 0.77 bacteria flagellate -1 h -1 for bacteria in the same size class as Vibrio natriegens (see Table 4 in Kinner et al. 1998) , while our values are about 4 1 ⁄ 2 times smaller. However, results may not be directly comparable, since Kinner et al. (1998) estimated grazing rates using a direct method involving fluorescent labelled bacteria (FLB).
The fact that Prymnesium parvum did not show a significant population increase when it fed on the 2 diatoms studied here could perhaps be explained by the fact that diatom ingestion might not necessarily imply their digestion. It has been shown (Boenigk et al. 2001a,b) that the spectrum of particles ingested by flagellates may differ from that of digested particles, and a concept of selective or differential digestion has been elaborated. However, in our study, it is also possible that digestion of diatoms did occur, but that their nutritional value was insufficient to cause a significant increase in P. parvum populations.
Our results comparing flagellate growth in f/2 medium with that observed in the presence of bacteria suggest that Prymnesium parvum grows better as a mixotroph than as a pure photoautotroph. In mixotrophic prymnesiophytes, it is not known with certainty whether phagotrophy is regulated by the availability of nutrients (or potential prey), or by light intensity (Jones et al. 1993 (Jones et al. , 1994 . In P. parvum, no evidence of darkness-induced phagotrophy has been found (Jochem 1999) . In contrast, induced phagotrophy when dissolved organic growth factors (i.e. vitamins) and/or mineral nutrients (i.e. P) are limited or depleted has been demonstrated by Nygaard & Tobiesen (1993) , and can also be inferred here based on the data from the present study. After a period of nutrient limitation, phagotrophically gained compounds (bacteria) could induce P. parvum to grow faster than in the presence of organic compounds acquired photosynthetically. In other words, during periods of inorganic nutrient limitation, diatom predation might be a strategy to maintain biomass of P. parvum without altering the population size, while bacteria could be excellent short-term promoters of P. parvum growth resulting in a rapid population increase.
In terms of Prymnesium parvum prey preference, no significant differences were found between Minidiscus trioculatus and Thalassiosira sp. Prey selection in prymnesiophytes has been related to particle size (Jones et al. 1993 (Jones et al. , 1994 , and both diatoms tested in this study are in the same size range. Prey selection by P. patelliferum has been suggested by Tillmann (1998) , not on a size basis, since P. patelliferum was able to ingest prey larger than itself.
Regarding the ingestion process itself, Prymnesium parvum ingests diatoms much in the same way as P. patelliferum, Chrysochromulina kappa and C. ericina ingest other types of prey (Parke et al. 1955 , 1956 , Tillmann 1998 . In some prymnesiophytes, the haptonema plays an important role in prey capture (Kawachi et al. 1991 , Inouye & Kawachi 1994 ). We have not observed any involvement of the haptonema of P. parvum in the ingestion process, in accordance with Tillmann (1998) . In Prymnesium spp. the haptonema is short and noncoiling, and this could well prevent its active role in food capture (Green 1991) .
From an ecological viewpoint, our study presents the possibility that a high predation pressure of Prymnesium parvum on nanoplankonic diatoms might occur also in nature. Detailed information on the quantitative occurrence of P. parvum in natural environments is scarce, analogous to the situation for other unmineralised prymnesiophytes (Thomsen et al. 1994) . However, blooms of Prymnesium species, which may have notorious implications for fish kills and environmental quality, are known to occur with cell densities in the approximate range of 10 7 to 10 11 cells l -1 (Moestrup 1994) . From incidental scanning electron microscope observations during a study of coccolithophores, we noted that Minidiscus trioculatus is a very widespread diatom, occurring in all oceans from sub-arctic to subtropical latitudes, where it is often associated with high abundances of the coccolithophore Emiliania huxleyi. The highest abundances we observed were in a mixed E. huxleyi-M. trioculatus bloom off SW Iceland in July 1999 where M. trioculatus cell densities reached to 3.7 × 10 6 cells l -1 (M. Hockfield unpubl. data). The factors controlling such diatom population densities are currently unknown.
In the present study, although we cultured the flagellate and diatoms at concentrations roughly 1000 times greater than those reported in natural environments, the predator:prey ratios appeared to be similar to those in nature. Therefore, it is possible that the predation pressure of Prymnesium parvum on small diatoms in nature is similar to that during our study. If this were effectively so, grazing by mixotrophic or heterotrophic nanoflagellates could be a key factor in the regulation of Minidiscus spp. or small-cell Thalassiosira spp. populations in the marine plankton. Topdown regulation of small-cell diatom populations could also result in a lower predation pressure on bacteria, which could have important consequences for the structure and functioning of the microbial food web in pelagic ecosystems. Further work is necessary to investigate this possibility.
